Electron-biomolecular ion collisions were studied using an electrostatic storage ring with a merging beam technique for singly protonated peptides (angiotensin I, II, and III). A strong neutral-particle emission at around 6.5 eV was found in addition to neutrals from recombination at low energies. The rates of the high-energy peak greatly decreased with a slight decrease in the number of amino-acid residues from angiotensin I to III. These results suggest that some peptide bonds were selectively cleaved.
Electron-biomolecular ion collisions were studied using an electrostatic storage ring with a merging beam technique for singly protonated peptides (angiotensin I, II, and III). A strong neutral-particle emission at around 6.5 eV was found in addition to neutrals from recombination at low energies. The rates of the high-energy peak greatly decreased with a slight decrease in the number of amino-acid residues from angiotensin I to III. These results suggest that some peptide bonds were selectively cleaved. DOI Electron-light molecular-ion collision studies using an ion-storage ring combined with an electron cooler have made great progress in recent years [1] . In the dissociative recombination (DR) of molecular ions with electrons, some new phenomena have been found and studied in detail. Especially, a resonant recombination process at high energies was newly found for HeH and also for many other molecular ions [2] . On the other hand, in electron-biomolecular ion collisions, the electron-capture dissociation (ECD) process of multiply charged protein cations was predicted and confirmed experimentally [3] . This process occurs at very low energies on the order of 0.1 eV, and rapidly decreases with an increase of the electron energy. This is similar to DR for light molecular ions at low energy, which has the maximum rate at zero electron energy. In the case of polypeptides, ECD leads to unusual and abundant c; z fragmentations from amine bond cleavage via a nonergodic process [3] , in contrast to b; y fragmentations from amide bond cleavage in collisionally activated dissociation [4] , infrared multiphoton dissociation [5] , and energetic electron impact excitation [6] . These phenomena have mainly been studied with a Fourier-transform ion cyclotron resonance mass spectrometer, in which the ion masses of charged reaction products were identified.
Recent technical development has allowed the storage of biomolecular ions in electrostatic storage rings with sufficiently long lifetimes and moderate intensities [7, 8] . An advantage of the storage-ring technique is that the ring can store ions for much longer periods than their vibrational lifetimes, which are normally on the order of tens of ms or less. Therefore, the ions are expected to be mostly in the vibrational ground state. The ease of detecting neutral particles produced through collisions is also a big advantage of a storage ring, which cannot be accessible in mass spectrometers. As far as we know, most experiments on electron-biomolecular ion collisions studied thus far have been on charged reaction products.
A merging electron-beam device was newly installed at the electrostatic storage ring of KEK [9] . These devices prepare the condition of well-defined ion and electron energies, resulting in a well-defined relative energy. This paper presents experimental results on electronbiomolecular ion collisions using an ion-storage ring.
Experiments were performed using an electrostatic storage ring with a circumference of 8.1 m [10] and a merged electron-beam [9] . Angiotensin (AT) (human) I (1.3 kDa) and II (1.05 kDa) are from Bachem AG (Switzerland) and AT III (0.93 kDa) is from Peptide Institute, Inc. (Japan). The AT I, II, and III consist of 10, 8, and 7 amino-acid residues, respectively. Singly protonated AT ions were produced in an electrospray ion source (ESI) from a solution with a biomolecule concentration of about 0.1 mM dissolved in a water (30%) and methanol (70%) mixture. In order to help protonation, a small amount of acetic acid was added. Ions were then conveyed to an octupole ion trap and accumulated there through collisions with helium gas. After storage for about 10 s, ions were ejected as a bunch and accelerated to 20 keV [7] . The ion beam was then mass analyzed with a resolving power of about 1000 and injected into the storage ring, as shown in Fig. 1 . The 1=e lifetimes of the beams in the ring were 12.9, 11.5, and 10.4 s for AT I, II, and III in a vacuum of about 5 10 ÿ11 Torr, respectively. An electron beam with a current of 12 A was produced in a thermocathode with a diameter of 3.5 mm in a solenoid field of 1 kG, and then adiabatically expanded to a diameter of 20 mm in a varying solenoid field from 1 kG to 30 G. This expansion reduced the transverse electron energies from 0.1 eV to 3 meV [11] . The longitudinal electron temperature decreased with an increase in the electron energies, for example, 10 meV at 1 eV and 1 meV at 10 eV. The electron beam was then guided to the merging region with a length of 20 cm, where the electrons merged with the circulating ion beam. After merging, the electron beam was separated from the ion beam and collected in a cup. The entire electron system was immersed in a uniform solenoid field of 30 G, except for the electron-gun region. The electron energies were variable from about 1 to 100 eV. Neutral particles produced through collisions with electrons and residual gas were detected with a microchannel plate with a phosphor anode having a diameter of 30 mm installed in the vacuum extension downstream from the merging section, as shown in Fig. 1 . The distance between the center of the electron beam and the detector was 3 m. The inset of Fig. 1 shows the neutral-particle production rates as a function of time for the AT I ions with and without the electron beam. The injected ions were first stored for 0.5 s in order to deexcite vibrationally excited ions, and then measurements were started. In order to estimate the background through collisions with residual gas, the electron beam was chopped at a time width of 0.25 s. As can be seen in the figure, the neutrals through collisions with electrons were clearly discriminated from those which arose from residual gas. The ion beam gradually decayed with time through collisions with the residual gas. At a time of 10.5 s after injection, the stored ion beam was dumped and renewed at every injection period. The electron acceleration voltage was scanned in small steps. The pulsed electron-beam current was kept constant at a fixed cathodeanode voltage.
Taking N i as the number of incoming ions, and N and N B as the numbers of neutrals with and without the electron beam, respectively, the data can be represented in the form of the rate coefficient, defined as
where v r is the relative velocity, " the detection efficiency, v i the ion velocity, e the electron density, L the interaction length, and k a constant reflecting the decay of the ion beam, which is less than 1. The relative rate coefficients could be estimated by assuming that the neutralparticle production rate without an electron beam is proportional to the number of stored ions under a constant vacuum pressure: N i / kN B . The ratio of the true events relative to the background, N ÿ kN B =kN B , depends on the ion species and the electron energies; for example, for AT I ions at an electron energy of 7 eV, it is about 2.5, while for amino-acid ions (described later), it is less than 0.15. The actual electron energy (E e ) at an acceleration voltage of V a is given by the equation E e V a V 0 ÿ KI e = E e p , where I e is the electron current, and V 0 and K are constants at a fixed electron current. These constants were determined by measuring the rates of neutrals emitted from dissociative recombinations of H 2 , D 2 , and D 3 at 20 keVas a function of the electron energies, where the electron recombination rates have maxima at zero relative energies between the ions and the electrons, corresponding to electron energies of 5.45, 2.72, and 1.82 eV, respectively. The circulating beam size measured with a scraper was about 6 mm, which is less than the electronbeam diameter of 20 mm. The maximum space-charge depression of the electron beam across the ion beam is estimated to be about 0.2 eV at an electron energy of 1 eV.
The relative rate coefficient is shown in Fig. 2 as a function of the relative energies for 20-keV singly protonated AT I, II, and III. The relative energy is given by E r p E e p ÿ E 0 p . E 0 is obtained from ion energy (E i ) by E 0 E i m e =m i , where m e and m i are electron and ion masses, respectively. A slight, but clear, increase in the rate can be recognized at low energies of less than 2 eV. around the beam axis in order to help understanding. The inset shows time dependence of the neutral particle production rate with and without an electron beam (current: 12 A) at an energy of 7 eV for the singly protonated angiotensin I ion.
In the ECD, it is known that multiply protonated polypeptides react with low-energy electrons, and that the electron-capture cross sections decrease by 2 orders of magnitude for 1 eV electrons, compared to the case for 0.1 eV electrons [3] . Although the present experimental condition did not allow us to reduce the electron energy to lower than 1 eV, a rise in the rate at energies less than 2 eV seems to be the tail of the peak due to electron capture at low energies. On the other hand, resonantlike maxima with a shoulder were observed at higher energies. Each peak appears to comprise two gross components. The first component is located at a relative energy of around 6.5 eV, and the second component forms a shoulder at around 9 eV. These peak energies are almost the same for each AT ion. On the other hand, the rates greatly decrease with a decrease in the number of the amino-acid residues, despite a slight change. Although the electron energy was further scanned up to 30 eV, no other prominent peak was found.
In order to study the origin of these high-energy peaks, we also measured the neutral-particle production rate in electron-ion collisions on two amino acids of Arg and His, which have the most-favored protonation sites, and two aromatic amino acids of Phe and Tyr. These are common constituents among three ATs. The production of singly protonated ions and the measuring conditions are the same as those for ATs. The 1=e lifetimes of these ions at 20 keV were about 12 s. The results are shown in Fig. 3 . As can be seen in the figure, the rates increase with a decrease in energies of less than 1-2 eV, which comes from electron capture having the maxima at lower energies. At higher energies, the rates only increase gradually with the energies, and do not show any prominent resonance structure, although there are small bumps at 5-7 eV for 3(c) and 3(d). These results suggest that the origin of the high-energy peaks in ATs is not from the amino acid itself, but from the structure of AT bonded with peptide linkages. If we assume two-body fragmentation, the neutral products are produced from the following reactions:
Processes (2) and (3) are dissociative excitation (DE) in which ions disintegrate by way of excited ions or excited neutrals. On the other hand, process (4) is DR or ECD, in which ions capture electrons and then dissociate. For light-ion DR, resonant recombinations were also found at higher energies of around 5 to 40 eV, depending on the ions, as well as at low energies [2] . This has been attributed to the two-electron excited states which come from neutral Rydberg manifolds converging to highly excited states of ions. The peak in Fig. 2 is similar to such a highenergy DR. In this experiment, however, neutrals from DE and DR are detected altogether. In order to estimate the role of these processes qualitatively, neutrals simultaneously arriving at the detector were measured by a two-dimensional imaging technique [12] with a position resolution on the phosphor screen of about 0.2 mm and a time window of about 20 s. With the electron beam at a relative energy of 7 eV for AT I, one-event data were about 95% and the rest were two-event data with an error of 5%. This ratio remains almost unchanged when the electron beam is turned off. This means that the oneevent data are dominant, and thus processes (2) and (3) are more probable than process (4), although process (4) cannot be completely rejected because the efficiency to detect a pair of neutrals simultaneously arriving at the detector is small due to the probable large kinetic-energy release and the finite detector size. In the photoabsorption of proteins, large peaks due to the ! transition in the peptide bond was observed near 6.4 eV [13] . There is also an abundance of highly excited states, called superexcited states, in the region above the first ionization potential of about 7.4 eV, in which ionization and dissociation are competitive [13] . If neutrals are from process (2), the rate should start to increase from a threshold energy of around 6.4 eV [14] . The experimental rate in Fig. 2 , however, has a maximum in this energy region. This suggests that process (3) and possibly (4) also contributes to neutral production as well as process (2) . If there is a high positive charge-density region in a peptide bond at a protonated site, a free electron excites a bonding electron from to and is captured in an autoionizing state, resulting in a twoelectron excited state which can dissociate and reionize. In this case, if the incident electron is captured into , neutrals are emitted at around 4.7 eV. The value of 4.7 eV, which is the resonance energy by the two-electron excited state (
2 ), was estimated as follows. The excitation energies have been given as 6.60 eV for ! and 5.51 eV for n ! [15] . By adopting these excitation energies and the value of 7.4 eV for ionization energy from the n state [13] , we find that the energy level is 1.9 eV lower than the ionization threshold. Thus, the resonance energy is obtained by subtracting 1.9 eV from the ! excitation energy. The spectrum may be broadened by the vertical transition of an electron from the initial vibrational state to the two-electron excited state, which probably has a steep slope of the potential energy curve. The shoulder at around 9 eV in Fig. 2 is deduced to come also from process (3) and possibly (4) as well as process (2) . Thus, process (3) seems to predominantly contribute to the reaction. The DE via two-electron excited neutral states actually plays an important role just above the threshold energy for light molecular ions [16] .
The rapid decrease in the rate along with the decrease in the number of amino-acid residues from AT I to III suggests that all of the bonds do not equally participate in the excitation, resulting in cleavage, but only a few of them play an important role in the reaction [17] . The bonds adjacent to the basic amino-acid residue (Arg and His) are deduced to be responsible for such selective cleavage.
In order to confirm whether the energy dependence of the rate in Fig. 2 is specific only to angiotensins, we further performed the same experiments on other peptides, singly protonated bradykinin (Arg-Pro-Pro-GlyPhe-Ser-Pro-Phe-Arg, 1.06 kDa) and tuftsin (Thr-LysPro-Arg, 0.5 kDa). The peak positions in the measured energy spectra are almost the same as those for ATs, although the relative rate coefficients are different. This suggests that the phenomena are common, at least for singly protonated light peptides.
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